Size effects on the quenching to the normal state in YBa 2 Cu307_5 thin film 

superconductors. 
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To probe the quenching mechanisms under high current densities, current-voltage curves have 
been measured in YBa2Cu307_^ thin film microbridges with widths lower than the thermal diffusion 
length. This condition was obtained by using microbridge widths under 100 fim and stepped ramps 
of one millisecond step duration. Whereas the flux-flow resistivity is found to be microbridge-width 
independent, strong width dependence of the quenching current density is observed. These results 
provide a direct experimental demonstration that for high current densities varying in the millisecond 
range the transition to a highly dissipative state is due to self heating driven by "conventional" (non- 
singular) flux flow effects. 
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PACS numbers: 74.25.Fy, 74.25. Sv, 74.78.-w 



It is now well established in low and high-T c super- 
conductors that high current densities may induce an 
abrupt transition from the superconducting state to a 
highly dissipative regime (up to the normal state)i»2i2i£. 
This transition manifests itself in the current- voltage (C- 
V) curves as an abrupt jump in voltage at some current 
density, denoted J*, several times the critical current 
density, J c , at which dissipation first appears. This phe- 
nomenon, often called quenching, is still not well under- 
stood, in spite of its considerable importance from both 
the fundamental and the applied point of view-i^ 3 -^. The 
main mechanisms proposed to explain the quenching of 
the superconductivity by high current densities include 
nonlinear vortex dynamics^&^ i 8 ' 9 ' 10 : 11 ! 12 , Cooper pair 
breakingi^i&ii, hot-spotsi^^ and self heatingSiiLi 8 .^. 
The measurements performed in the last years by var- 
ious groups showed that these different mechanisms do 
not exclude each other 3 i 10 i 1:l i 13 i 15 i 19 i 20 i 21 i 22 . In fact, these 
experiments suggest that depending on the properties of 
a given superconductor material and on the experimental 
conditions but also on the way the current is supplied, 
each one of these quenching mechanisms may become 
the most relevant one or they may cooperate to reach 
the high dissipative regime. 

In this paper, we report an experiment addressed to 
unambiguously separate self heating from other quench- 
ing mechanisms and to probe if self-heating alone, asso- 
ciated with conventional (non singular) flux flow, could 
originate the abrupt transition to the normal state. This 
experiment is based on a very simple idea schematized 
in Fig. QJa): for a superconducting thin film with width, 
w, below the thermal diffusion length of both the su- 
perconductor film itself and its substrate, A t / l; the vol- 
ume of the substrate appreciably heated will decrease 
less than the film volume when the film width decreases. 
Since the thermal exchanges with the substrate are the 
more relevant ones, independently of the refrigeration 
atmospher o 19 ' 23 , the constraint w < Xth will determine 
the entire film thermal behaviour, in particular the tem- 
perature increase ATf between the film and its bath. 
Although below J* the width dependence of ATf will 



be quite smooth [in our experiments ATf(w) will change 
less than 4 % of the bath temperature, TJ,] , such a width 
dependence dramatically affects the self heating and then 
the corresponding J*(w). In contrast, not too close to T c 
(for T well below T c — AT/), these ATf(w) variations are 
too small to appreciably affect other quenching mecha- 
nisms. In addition, the condition w < Xth may be easily 
verified by keeping the characteristic times and lengths of 
these other quenching mechanisms completely decoupled 
from w and the current-density variation times. There- 
fore, under these conditions, the presence of appreciable 
size effects on J* will provide a fingerprint for the self- 





FIG. 1: (a) Schematic temperature distribution of the film- 
substrate system (cross-section) for two microbridges with 
different widths but, in both cases, with widths lower than 
the thermal diffusion length of their substrate. Under this 
condition, the narrower microbridge will be much better re- 
frigerated by the substrate than the wider microbridge. (b) 
AFM image of a 5 /im width microbrige. 
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heating mechanism. 

In our experiments, we use high-quality c-axis ori- 
ented YBa 2 Cu307_5 (YBCO) thin film microbridges pat- 
terned with different widths (between 5 /im and 100 ^m) 
but the same width-to- length ratio (1/10) and thickness 
(120 nm). The transition to the normal state is induced 
under zero applied magnetic field and pqH = 1 T, at 
temperatures not too far below the superconducting tran- 
sition (typically, about twenty degrees below T c ), and 
by using stepped ramps of high current density of total 
time in the range of tens of milliseconds and steps of one 
millisecond duration. Under these conditions, the film 
width remains well below the thermal diffusion length, 
\ th = 2(Dty/ 2 , of both the YBCO microbridges and 
their substrate (SrTiOs). Here D is the correspond- 
ing thermal diffusivity and t is the current step time. 
Under low applied magnetic fields, D is of the order 
of 0.05 cm 2 /s for YBCO, and around 0.2 cm 2 /s for the 
SrTiOa substrates. This leads to Xth ~ 150 /jm and 
250 /im for the YBCO microbridges and, respectively, 
their substrates. Therefore, in this scenario not only the 
film heating will become uniform but also the charac- 
teristic lengths and times for other possible quenching 
mechanisms are much smaller or bigger than the mi- 
crobridge width and the current-variation times in our 
experiments 24 . In contrast, we will see that the micro- 
bridges studied here covered all the interesting X t h /w > 1 
region corresponding to the millisecond range. 

Three other aspects of our present experiments de- 
serve to be stressed already here. First, to discriminate 
the size effects on J*(w), it was crucial to obtain high- 
quality microbridges with different widths below Xth, but 
with the same electrical resistivity, p (which will guaran- 
tee that the different microbridges have similar stoichio- 
metric and structural characteristics), and also with the 
same flux- flow resistivity, p / (which will guarantee a uni- 
form current distribution in the dissipative regime above 
J c ). Second, although some of the previous experimental 
studies suggest the relevance of the thermal effects near 
J * 17 ' 18 i 19 , up to now it does not exist an experimental 
demonstration that in some cases self heating by itself, 
associated with non singular flux flow, may generate the 
quenching. As it was stressed before, the scenario studied 
here will allow to directly probe, for the very first time, 
such a thermal quenching mechanism. In addition to its 
interest for the understanding of the transport properties 
in superconductors, our present work will provide one of 
the very few existing experimental demonstrations of a 
thermal avalanche to a highly dissipative state in any 
material, a phenomena directly related to bistability and 
dynamic avalanches in a large variety of systems 2 ^. Fi- 
nally, the millisecond range studied here corresponds to 
various of the most promising applications of the cuprate 
high-T c superconductors. This is the case, for instance, 
of the fault-current limiters, the practical fault to be lim- 
ited having typical characteristic times of the order of the 
commercial ac currents, i.e., ~ 10 ms^. 

The epitaxial YBCO thin films of thickness 
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FIG. 2: Electrical resistivity versus temperature curves of sev- 
eral microbridges from the film 1. The two different micro- 
bridges of same width are noted (a) and (b) and the numbers 
stand for the films widths. In the inset the geometrical design 
of these microbridges is shown. The widths are w = 5, 10, 20, 
50 and 100 pm. 



d «s 120 nm were grown onto SrTiO3(100) substrates 
by pulsed laser ablation and the growth was monitored 
with a RHEED system 2 ^. In our experiments we have 
used two films (noted 1 and 2). Several microbridges of 
widths w = 5, 10, 20, 50 and 100 pm were patterned 
on each film by photolithography and etched with Ar 
ions into a four-probe configuration as can be seen in 
the inset of Fig. O The C-V curves were obtained by 
applying stepped ramps of about 1 ms of step duration. 
Other experimental details are similar to those described 
for other measurements in Ref.— . 

Some examples of the electrical resistivity versus tem- 
perature curves, measured under dc conditions are pre- 
sented in Fig. [21 These data clearly show that T c and 
p(T) are almost width independent. Various examples 
of the flux-flow resistivity versus current density curves 
are shown in Fig. [3] The data points correspond to 
T = 78 K, with p H = or p H = 1 T, and they were 
obtained by dividing the measured electric field of each 
step by the corresponding current density^!. These 
curves provide already an illustrative example of the 
strong dependence of the quenching current density, J*, 
on the microbridge width. In contrast, one may also see 
that below J* the flux-flow resistivity, pf, for the two 
microbridges agree with each other well within the ex- 
perimental resolution. This last result provides a direct 
evidence that in the dissipative regime the current flows 
uniformly through the microbridges, which is one of the 
starting hypothesis of the approach we will use below 
to explain the width dependence of J* in terms of self- 
heating effects. This independence of Pf(J) on w was al- 
ready observed by Kunchur and co-workers in YBCO thin 
films with 3 pm < w ^ 16 pm under different applied 
magnetic field amplitudes and using current pulses in the 
microsecond range 28 . It may be easily understood by tak- 
ing into account that the transversal magnetic field pen- 
etration length of YBCO is much larger than the film's 
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FIG. 3: Flux-flow resistivity as a function of the applied cur- 
rent density up to the quenching current for two of the mi- 
crobridges studied here without applied magnetic field, (a), 
and with 1 T, (b). These examples, which correspond to two 
microbridges with widths of 5 /im and 50 /im from film 1, 
directly show two of the central aspects of this work: i) be- 
low J*, the flux-flow resistivity is width independent, ii) J* 
increases as the film width decreases. 



thickness and also that in the dissipative regime the cur- 
rent distribution is dominated by the minimum entropy 
production principle. In fact, we have also performed de- 
tailed dc measurements in the low-dissipation regime in 
our different microbridges that confirms that even J c is 
almost width independent. Some examples of these J c (w) 
and also of the corresponding J*(w) data are shown in 
Fig. [U These examples were obtained at T/T c = 0.8, 
which corresponds to T — 73 K and T = 71 K for, re- 
spectively, the films 1 (squares) and 2 (circles) . The data 
points scattering of both J c and J* corresponds well to 
the experimental uncertainties. These last are associated 
with the samples geometry but also with differences in 
the microbridges surface roughness [see Fig. [lib)] > which 
could appreciably affect the vortex pinning. To take into 
account the small differences between the two films, the 
J c and J* data for the microbridges from film 2 have been 
normalized by their resistivity over the resistivity of the 
film 1 microbridges. Such a renormalization may increase 
the differences between the data points corresponding to 
microbridges of the two different films. 

The absolute value of J* for the 10 /zm width micro- 
bridge showed in Fig. [?] agrees qualitatively with the ex- 
isting data obtained under similar scenarios in YBCO 
film o 15 i 19 . The new central result of our present work is 
the microbridge width dependence of J*: as showed in 
the two examples presented in Fig. 01 J*(w) appreciably 
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FIG. 4: Microbridge width dependence of the quenching cur- 
rent density J* (open symbols) in absence of applied mag- 
netic field (a) and under 1 Tesla (b), both at T/T c = 0.8. 
For comparison, we also show in this figure J c (defined using 
the 10 fiV/cm standard criterion for films) at the same T/T c 
(solid symbols). The upper scale shows that our experiments 
cover all the relevant \ t h/w > 1 region corresponding to the 
millisecond range. The solid lines are estimated from the self- 
hcating model described in the text. The dotted lines are just 
lines for the eyes. 



increases when the width of the microbridges decreases 
well below the substrate thermal diffusion length. The 
relative J*{w) changes are at about 30 % and 80 % under, 
respectively, zero applied field and 1 T. This behaviour 
may be qualitatively understood in terms of self heat- 
ing by just taking into account that the narrower micro- 
bridges are better refrigerated by their substrate. These 
results provide then a first qualitative but direct indi- 
cation that under the studied conditions the quenching 
mechanism is self heating. 

To analyze at a quantitative level the J*(w) behavior 
observed in Fig. U we will use a simple two-dimensional 
self- heating model similar to the one proposed in Ref. 19 . 
As noted before, in this model it is assumed a uniform 
current distribution through the microbridge volume and 
the diffusion into the substrate of the heat dissipated 
by this current is calculated using a simple geometry, 
discretizing the continuous temperature field into two 
constant-temperature domains (see Fig. HJa)). A hot 
one, with temperature T s (t), its volume being time de- 
pendent, and a cold one (the remaining part of the sub- 
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strate) at the bath temperature, Tt>. The iterative process 
for calculating the self heating has three steps. First, the 
heat dissipated is estimated by using a power relation- 
ship for the electric field E versus the current density: 
E = Eq(J/J c — 1)™ in the case of zero applied magnetic 
field, and E = E C (J/ J c ) s under magnetic field, where Eq, 
J c and s are temperature-dependent and n and E c are 
temperature-independent parameters. These parameters 
are obtained from the measured C-V curves at differ- 
ent temperatures in the low-current ("heatless") range. 
Then, the temperature increase of the film ATf at time t 
is estimated from the relationship ATf = aAT s (t) , where 
AT S is the temperature increase of the hot domain and 
a(t) = 1 + 1.87(1 - e - */ to ), t c « 10 ns being the bolo- 
metric tim o 19 i 23 ' 29 . Just before the quenching, in our 
experiments this leads to ATf ~ 2K in absence of an 
applied field and to AT/ ~ 4K when n H = IT. Let 
us stress that this relatively small temperature increase 
suffices to trigger the thermal avalanche but does not ap- 
preciably affect other possible quenching mechanisms as 
vortex avalanches. In step three, the power dissipated 
by the current density J is calculated by using the corre- 
sponding value of E at the new temperature. This power 
value is used in the next iteration. 

As showed in Fig. 2J the J*{w) curves calculated as 
indicated before are in quite good agreement with the 
experimental data, in spite of the crudeness of our 2D 
self-heating model and that for each applied field we have 
used the same parameter values for all samples. It is re- 
markable that such an agreement is found not only for 
the J* width-dependence but also for its absolute ampli- 
tude, and that with no free parameters. Two key ideas 



behind the self-heating calculations performed here have 
to be emphasized. First, smooth or non-singular back- 
ground C-V curves, extrapolated from the low J (i. e., 
"heatless") regime, are used for the calculation of the 
injected power during the current pulses. Secondly, the 
non-linearity in temperature of the C-V curves is taken 
into account by a thermal feedback along the iterative 
calculation leading to J*. So, our approach is a purely 
thermal model. 

In conclusion, although to observe strong size effects 
on J* it was necessary to use narrow microbridges, with 
w < Xth, our results lead to a much more general con- 
clusion, applicable also to larger high-T c cuprate films: 
For high current densities varying in the millisecond 
range, the intrinsic quenching mechanism is self heat- 
ing driven by conventional (non-singular) flux-flow ef- 
fects. This conclusion does not exclude the relevance 
of other quenching mechanisms for much shorter char- 
acteristic current times 2 ^ and, indeed, with higher J* 
values^^i^ii 2 .^^^^^. In addition to its interest 
for the understanding of the transport properties of su- 
perconductors under high current densities, these results 
provide one of the very few existing experimental demon- 
strations of thermal-driven avalanche in any material 2 -!". 
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